Abstract: Equilibrium of the grassland yield, livestock carrying capacity, and animal husbandry population is the key factor that influences the ecological environment and sustainable development in pastoral areas. It is of great importance to define the animal husbandry pressure and carrying capacity of an animal husbandry population for grassland management policy-making and the sustainable development of animal husbandry. As one of the areas with the most sensitive and vulnerable ecosystem in China, the Three-River Headwaters Region is an ecological barrier for the environmental security and regional sustainable development of Southeast Asian nations. It is of great significance to define the livestock carrying capacity and population pressure in the area. This research estimates the net primary productivity (NPP) of vegetation in the Three-River Headwaters Region using Carnegie-Ames-Stanford approach (CASA) model, estimates the grass yield on the basis of NPP data, and then estimates the reasonable livestock carrying capacity according to the grass yield. Meanwhile, combined with herdsmen investigation data, it establishes a quantitative relationship between the proper livestock carrying capacity and reasonable animal husbandry population. In addition, the spatial distribution of an overloading animal husbandry population is analyzed through spatial interpolation, which can provide theoretical support for the establishment of scientific ecological immigration policy and the sustainable development of local animal husbandry. The results show that (1) the total grass yield of the grassland in the Three-River Headwaters Region is 13.96 million tons, and the average grass yield is 529.87 kg/hm 2 , whilst the spatial distribution presents a decreasing trend from the east and southeast to the west and northwest; (2) the reasonable livestock carrying capacity is 14.03 million sheep units (hereinafter referred as "SU"), and the average livestock carrying capacity is 55.14 SU/km 2 ; and (3) the reasonable animal husbandry population carrying capacity is 512,500 people, while the actual amount is 645,300, with 132,800 people beyond the carrying capacity, especially in Xinghai, Tongde, Zekog, Yushu, Nangqen, and Chindu County.
Introduction
As an important part of the Tibetan Plateau, the source area of the Yangtze River, Yellow River, and Lancang River, known as Three-River Headwaters in China, is the ecological security barrier for the middle and lower reaches of rivers in China and Southeast Asian Nations. The geographic environment and climatic conditions in the area are extremely unique and it has the most sensitive and fragile ecosystem in China [1] [2] [3] . The ecosystem protection and ecosystem changes under global characteristics of the carrying capacity of the animal husbandry population; on the other hand, it can closely combine the carrying capacity of the animal husbandry population with the grassland grazing capacity, so that the estimated grazing capacity of the animal husbandry population can satisfy the bottom line that the grassland does not deteriorate due to overgrazing, so the estimated result has better practical significance. However, the related research is insufficient in this field. At the same time, due to the lack of research on the accurate interpolation of statistical data about the population and livestock etc., the related research has mainly emphasized changes against a time scale, and hardly the spatial distribution of the population [22] [23] [24] .
Although research on the population carrying capacity has made significant progress, research on the pastoral population carrying capacity still has a weak theoretical basis and uses, as well as imperfect regulation mechanisms and estimation methods. There are studies on the grassland-livestock balance [25, 26] , and some studies have focused on the wellbeing and livelihood of herdsmen [27, 28] . How to combine the two aspects of research to better reveal the internal coupling relationship needs to be studied in depth. This research employs an element of "population" to combine research on the regional ecological environment with regional social and economic factors. This study establishes a quantitative relationship between the proper livestock carrying capacity and suitable animal husbandry population, and then defines the reasonable scale and spatial distribution characteristics of the animal husbandry population in this area with high-precision spatial interpolation for statistical data by means of a geographic information system (GIS). Such results can provide a basis for governments at all levels to understand the equilibrium of grassland-livestock-population in the study area, so as to issue policies on grassland and offer relevant ecological protection construction. Therefore, it is of great importance to realize the sustainable management of a grassland ecosystem, reasonable grazing, optimized population arrangement, and the sustainable development of animal husbandry in the Three-River Headwaters Region.
Data and Methods

Study Area
The Three-River Headwaters Region is located between 89 • 45 E~102 • 23 E and 31 • 39 N~36 • 12 N, with a total area of 363,000 km 2 ( Figure 1 ). The Three-River Headwaters Region is the central region and main body of the Tibetan Plateau, with an elevation of 3335-6564 m. This area belongs to the Tibetan Plateau Climate System, which is a typical plateau continental climate. The average temperature is −5.6-3.8 • C. The average annual precipitation is 262.2-772.8 mm, and the annual evaporation is 730-1700 mm. Due to the high altitude, most of the regions are featured as the rarefied air and short plant growth period. Alpine meadow and alpine grassland are the main vegetation types in this area. The regional soil distribution presents obvious vertical zonal rules, with mainly alpine meadow soil, secondly swamping meadow soil, and extremely developed permafrost [15, 29] .
Estimation of Grassland Yield
The Carnegie-Ames-Stanford Approach (CASA) [30, 31] was used to estimate the net primary productivity (NPP) of grassland from 2000 to 2015. The grassland yield was estimated on the basis of the annual mean NPP. The CASA model, a process-based model based on the concept of light-use efficiency, is suitable for estimating vegetation NPP at both regional and global scales [32] [33] [34] [35] . The input data of the model included MODIS NDVI data (with the resolution of 1 km) of growing season (April to August) from 2000 to 2015, and meteorological data were downloaded from China Meteorological Data Network (http://data.cma.cn/). The land cover data was obtained from the 1:100,000 land use data set shared by the Institute of Geographical Sciences and Natural Resources Research, Chinese Academy of Sciences. The grassland yield was estimated through the ratio between the underground and aboveground productivity of all kinds of grassland vegetation [15, 36, 37] . 
The Carnegie-Ames-Stanford Approach (CASA) [30, 31] was used to estimate the net primary productivity (NPP) of grassland from 2000 to 2015. The grassland yield was estimated on the basis of the annual mean NPP. The CASA model, a process-based model based on the concept of light-use efficiency, is suitable for estimating vegetation NPP at both regional and global scales [32] [33] [34] [35] . The input data of the model included MODIS NDVI data (with the resolution of 1 km) of growing season (April to August) from 2000 to 2015, and meteorological data were downloaded from China Meteorological Data Network (http://data.cma.cn/). The land cover data was obtained from the 1:100,000 land use data set shared by the Institute of Geographical Sciences and Natural Resources Research, Chinese Academy of Sciences. The grassland yield was estimated through the ratio between the underground and aboveground productivity of all kinds of grassland vegetation [15, 36, 37] .
Estimation of Proper Livestock Carrying Capacity
The proper carrying capacity was calculated by the following formula [38] :
where Cl is the proper livestock carrying capacity (standard SU/hm 2 , SU is short for sheep unit; hm 2 is short for square hectometer); Ym is the grassland yield (kg); Co is the grassland utilization ratio and Sf is the daily food intake per SU livestock, both of which are determined according to the relevant standard [39] ; and Gt is the grassland grazing time. The pasture in the study area can be divided into two categories: (1) cold season pasture and (2) 
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Herdsmen Investigation and Estimation of the Reasonable Animal Husbandry Population Carrying Capacity
From the perspective of grazing pressure on the pasture resources, this study takes the proper carrying capacity of grassland resources in the study area as the total amount of primary goods to guarantee human survival and development, with the precondition of no grassland degradation due to overgrazing, and calculates the total amount of livestock required to maintain a normal life of a herdsman in the current living standard in one year (in sheep unit) on the basis of survey data on herdsmen. It is regarded as the per capita consumption. The reasonable animal husbandry population carrying capacity of grassland resources can then be estimated according to the total amount of primary goods and per capita consumption.
The international stratified random sampling method [40, 41] is adopted in this study for the herdsmen investigation process. We chose six typical counties according to the representation, transportation condition, and field work convenience. We selected three typical villages from each typical county, and 30 herder households from each typical village, for investigation. In April to July 2015, our research group interviewed the relevant departments (Qinghai Provincial Department of Agriculture and Animal Husbandry, Provincial Department of Statistics, Provincial Forestry Department, Provincial Department of Science & Technology, Animal Husbandry Bureau, Statistics Bureau, and Forestry Bureau of each county, etc.) of the study area, and conducted a herdsmen investigation of six counties in the Three-River Headwaters Region, including Zekog, Maqen, Madoi, Chindu, Zadoi, and Yushu County. We collected 504 effective questionnaires in sum.
The investigation contents mainly included the following:
1. Basic background information of herdsmen, including family population, gender, age, education level, etc.; 2.
Living consumption of herdsmen, including food, clothing and housing, household equipment and supplies, transportation and communication, culture, education and entertainment, health care, other goods and services, etc.; 3.
Livestock breeding, including livestock quantity and species, population structure, slaughtering rate, mortality rate, sell and self-consumption, and so on; 4.
Grassland utilization conditions, including grassland area and distribution (GPS survey), grassland quality, use mode, and use intensity; 5.
Livestock product price, including the sale price of all kinds of livestock and livestock products.
Based on survey data of herdsmen and statistical analysis, the relevant information can be determined, including the grazing capacity per capita (sheep unit), self-consumption of livestock (sheep unit), and slaughtering rate, and the conversion relationship can be established between the herdsmen's expenditures and sheep unit according to the sale price of an adult sheep (i.e., one sheep unit). Based on the basic living cost per herdsman and livestock slaughtering rate, the total livestock breeding amount (in sheep unit) require to maintain the normal life of a herdsman for one year can be calculated. Combined with the proper livestock carrying capacity of grassland resources computed above, the animal husbandry population that can be carried by grassland resources in the study area under current living standards can be calculated. The formula below can be followed:
where, P is the animal husbandry population which can be carried by grassland resources; S is the proper carrying capacity (sheep unit); and C is the basic living cost per herdsman (sheep units/year/person), which refers to the total amount of livestock breeding (in sheep unit) required to maintain the normal life need of a herdsman for one year:
where, E is the self-consumption of livestock per herdsman per year (in sheep unit); D is the sum of expenditures per herdsmen per year (RMB/year/person); U is the sale price of an adult sheep (i.e., one sheep unit); and R is the livestock slaughtering rate.
Spatialization of Statistics Data on Animal Husbandry Population
The spatial distribution data of the animal husbandry population in the Three-River Headwaters Region can be obtained by spatial interpolation of statistics data of the animal husbandry population in 2015. The basic data includes digital elevation model (DEM) data with the resolution of 90 m × 90 m, county-level administrative division maps, residential and grazing spot distribution data (from 1:250,000 topographic map data), and county-level animal husbandry population statistics. The densities of the animal husbandry population in towns and villages and grazing points of each county can be determined through residential distribution data and statistics of the animal husbandry population, together with relevant literature and material. Based on such density data, the densities of the animal husbandry population can be interpolated (with a resolution of 1000 m) under the platform of ArcGIS(Environmental Systems Research Institute, Redlands, CA, USA) v10.1 by means of the inverse-distance weighted method combinined with DEM data (to control the upper limit of the population distribution). Meanwhile, we can consider the waters and deserts as uninhabited area, and take the vegetation distribution area as the interpolation mask.
Results
Spatial Distribution of Grassland Yield
The total grassland yield (hay) of the study area is 13.96 million tons; the average grassland yield (hay) is 529.87 kg/hm 2 . The spatial distribution presents a decreasing trend from the east and southeast to the west and northwest in turn (Figure 2) . In this region, the spatial distribution of grassland yield is consistent with distribution rules of temperature and precipitation. A high grassland yield appears in the area with a high air temperature and precipitation. 
Spatial Distribution of Proper Livestock Carrying Capacity
The proper carrying capacity of the study area is 14.52 million SUs, which is in accordance with the data (14.03 million SUs) provided by the Agriculture and Animal Husbandry Department of Qinghai Province. The average livestock carrying capacity reaches 55.14 SU/km 2 . There is a good consistency between the distribution of the livestock carrying capacity and the grass yield (Figure 3) . 
The proper carrying capacity of the study area is 14.52 million SUs, which is in accordance with the data (14.03 million SUs) provided by the Agriculture and Animal Husbandry Department of Qinghai Province. The average livestock carrying capacity reaches 55.14 SU/km 2 . There is a good consistency between the distribution of the livestock carrying capacity and the grass yield (Figure 3 ).
Reasonable Animal Husbandry Population Carrying Capacity
It is shown from herdsmen investigation data that the average price of an adult sheep (that is, a sheep unit) is RMB 1000; meat consumption per person per year of the local herdsmen is about 80 kg, equal to 5.5 SUs; and per capita consumption of other daily necessities is approximately RMB 3100, which is about 3 SUs. Therefore, based on the current local living conditions, the basic living cost per herdsman of each year is 8.5 SUs. It is indicated from the investigation data that the average slaughtering rate of local livestock is 30%. According to the calculation results, total 28.33 SUs of livestock must be bred to maintain the normal life of a herdsman. In combination with the total proper livestock carrying capacity of the study area obtained above, the reasonable animal husbandry population carried by the natural grassland in the Three-River Headwaters Region is 512,500 under the current living conditions.
Spatial Distribution of Animal Husbandry Population Beyond Carrying Capacity
According to the Qinghai Province Statistical Yearbook, the total animal husbandry population in the Three-River Headwaters Region amounts to 645,300 by the end of 2015, while our research found that the reasonable animal husbandry population carrying capacity is just 512,500, so 132,800 people are beyond the carrying capacity. Through the spatial interpolation of statistics of the animal husbandry population, the spatial distribution of the actual animal husbandry population can be obtained. The spatial distribution of the reasonable animal husbandry population can be derived through the spatial distribution data of the proper livestock carrying capacity. The spatial distribution of the overloading animal husbandry population can be calculated through spatial subtraction of the two (Figure 4) . It is shown from Figure 4 that there is a significant spatial difference of the overloading animal husbandry population. The overloading amount is relatively larger in six counties, including Xinghai, Tongde, Zekog, Nangqen, Yushu, and Chindu, and is less in other areas. For broad central and western regions, the actual animal husbandry population has not yet reached the reasonable animal husbandry population and has a certain carrying capacity of the animal husbandry population. 
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Discussion and Conclusions
Our result of the average grassland yield in the Three-River Headwaters Region is slightly higher than Fan (442.5 kg/hm 2 ) [36] , mainly due to the different research periods (Fan: 1988 (Fan: -2005 , data sources (Fan: NOAA/AVHRR data), and models (Fan: GLO-PEM model). It is reported by many studies that both the average temperature and precipitation in the Three-River Headwaters Region have somewhat increased under the impact of global climate change, which is helpful for grass growth and leads to an increase of grassland productivity [42] [43] [44] . Therefore, the grassland yield in 2000-2015 shall be higher than that in 1988-2005. The calculation results of the grassland yield in this paper are consistent with such law with certain credibility.
Our result of the average proper carrying capacity of the study area is also slightly higher than that of Fan(44 ± 5 SU/km 2 ) [36] . This is mainly due to the differences in the overgrazing number results and the calculation process of the average proper carrying capacity. In our research, the grassland utilization ratio is determined according to the specified value for each grassland category under the national standard [39] , while Fan [36] did not consider the difference between grasslands.
This study uses the DEM, distribution data of residential areas and grazing spots, statistics data of the animal husbandry population at a county level, and land use data to interpolate the statistics of the animal husbandry population by the GIS spatial interpolation tool. The interpolated result can objectively reflect the spatial distribution of the animal husbandry population to a certain degree. However, the distributions of roads and rivers are also important factors influencing the spatial distribution of the animal husbandry population. All factors shall be comprehensively taken into account and more rigorous mathematical methods shall be used to realize accurate interpolation in future research.
During herdsmen investigation, it is hard for the sampling study to fully reflect the actual situations due to the great difference of herdsmen households. In addition, the data acquisition or completeness is limited by time and region; the household investigation is influenced by the scattered villages or settlements, inconvenient traffic, free time, attitude, or initiative of herdsmen household. In addition, a language barrier still exists, so local interpretation assistance is required to understand Tibetan, which inevitably leads to deviations and misunderstanding that affect the accurate acquisition of information and data.
In this study, the reasonable animal husbandry population carrying capacity was determined under the assumption that almost all the living consumption of herdsman was obtained from the husbandry income. In order to improve the estimation accuracy, the diversity of herdsman incomes should be considered in future study. The ratio of the husbandry income for the total income could be adopted as a coefficient to revise the estimation of the reasonable animal husbandry population carrying capacity. Follow up research should place a more variable focus on the life and business opportunities of the local herdsmen.
The animal husbandry in the study area remains in an original or semi-original state. The animal husbandry totally relies on grassland and pasture. Traditional animal husbandry production methods are too rough and lack scientific management. On one hand, it is extremely unfavorable to increase the quantity of animal products; on the other hand, the unreasonable utilization intensifies grassland degradation, which causes regional ecological deterioration. Growth of the population exerts great pressure on local productivity, together with lagging ideological concepts and a lack of modern commodity economy awareness (many people do not sell age-appropriate livestock in time, resulting in too much livestock on hand), which also intensify the overgrazing, and accordingly, the ecological environment tends to deteriorate. To solve this problem, the animal husbandry population should be well arranged, the livestock must be reduced, and the scientific management method and modern consciousness of the commodity economy should be popularized.
This study has estimated the grass yield on the basis of NPP data and calculated the proper livestock carrying capacity in the Three-River Headwaters Region. Meanwhile, it has established a quantitative relationship between the proper livestock carrying capacity and reasonable animal husbandry population based on herdsmen investigation data. In addition, the spatial distribution of the overloading animal husbandry population in the study area has been analyzed through spatial interpolation. The reasonable animal husbandry population carrying capacity in the study area is 512,500, with 132,800 people beyond the carrying capacity. In view of the serious overloading animal husbandry population in the Three-River Headwaters Region, it is suggested that the management of animal husbandry in the region should focus on equilibrium of the grassland yield, livestock carrying capacity, and animal husbandry population, and adhere to the principle of "determining livestock according to grassland and determining population according to livestock". On one hand, the policy of livestock reduction and livestock slaughtering rate improvement shall be continuously implemented to control the livestock amount, so as to alleviate grazing pressures, promote the scientific method for raising livestock, and ensure the healthy development of the grassland ecosystem. On the other hand, in order to realize the equilibrium of "population-grassland-livestock" and promote regional sustainable development of animal husbandry in this region, macro-regulation of the animal husbandry population shall be carried out to promote herdsmen in the areas with severe grassland degradation to tertiary industry through ecological migration or production transformation in situ, so that they are no longer engaged in traditional animal husbandry. 
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